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Abstract: With increasing worries about the environment, there is a rising focus on saving energy
in various industries. In the e-mobility industry of electric motors, permanent magnet synchronous
motors (PMSMs) are widely utilized for saving energy due to their high-efficiency motor technologies.
However, challenges like environmental degradation from rare earth development and difficulties in
controlling magnetic field fluctuations persist. To address these issues, active research focuses on the
wound field synchronous motor (WFSM), known for its ability to regulate field current efficiently
across various speeds and operating conditions. Nevertheless, compared with other synchronous
motors, the WFSM tends to exhibit relatively lower efficiency and torque density. Because the WFSM
involves winding both the rotor and the stator, it results in increased copper and iron losses. In this
article, a model that enhances torque density by inserting permanent magnets (PMs) into the rotor
of the basic WFSM is proposed. This proposed model bolsters the d axis magnetic flux, thereby
enhancing the motor’s overall performance while addressing environmental concerns related to
rare-earth materials and potentially reducing manufacturing costs when compared with those of
the PMSM. The research methodology involves a comprehensive sensitivity analysis to identify key
design variables, followed by sampling using optimal Latin hypercube design (OLHD). A surrogate
model is then constructed using the kriging interpolation technique, and the optimization process
employs a micro-genetic algorithm (MGA) to derive the optimal model configuration. The algorithm
was performed to minimize the use of PMs when the same torque as that of the basic WFSM is
present, and to reduce torque ripple. Error assessment is conducted through comparisons with finite
element method (FEM) simulations. The optimized permanent-magnet-assisted WFSM (PMa-WFSM)
model improved efficiency by 1.08% when it was the same size as the basic WFSM, and the torque
ripple decreased by 5.43%. The proposed PMa-WFSM derived from this article is expected to be
suitable for use in the e-mobility industry as a replacement for PMSM.

Keywords: wound field synchronous motor (WFSM); permanent-magnet-assisted (PMa); optimal
Latin hypercube design (OLHD); surrogate model; micro-genetic algorithm (MGA)

1. Introduction

In recent years, spurred by escalating environmental concerns, there has been a no-
table surge in development efforts within the e-mobility industry, particularly focusing on
the creation of electric motors boasting high efficiency and output [1–3]. Various motors
find application in industrial settings, including the induction motor (IM), synchronous
reluctance motor (SynRM), permanent-magnet synchronous motor (PMSM), and wound
field synchronous motor (WFSM) [4–7]. Among these options, rare-earth PM motors
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are often preferred due to their relatively high power density and suitability for high-
speed operations, especially in the case of PMSM [8]. Consequently, rare-earth PM motors
have emerged as the dominant choice in contemporary industrial settings [9]. However,
challenges such as high costs, the unstable supply chain of rare-earth materials, and com-
plexities in controlling weak field regions have heightened interest in alternative solutions
like the WFSM [10]. The WFSM offers an advantage by enabling the direct manipulation
of the field current through the winding of field coils with the DC current, facilitating
a broad operating range and high efficiency in high-speed area [11,12]. Especially for
traction application, it is crucial to meet the torque and speed requirements. Up to the
rated speed, a consistent rated torque must be maintained, and as the speed increases, the
torque should decrease to maintain a constant output [13]. To achieve the same output
as a PMSM, the WFSM must be designed accordingly, necessitating a focus on achieving
high power density. In the case of WFSM, a significant challenge arises with high cur-
rent densities, leading to rotor core saturation. This phenomenon introduces nonlinear
variations in output performance and torque, exacerbating concerns about temperature
rise. Therefore, meticulous attention to the number of coil turns and the selection of rotor
current is crucial for high power density [14,15]. Furthermore, considering the inherent
presence of reluctance torque in the WFSM, it is essential to account for both the d axis
inductance and the q axis inductance. The process involves winding coils around the rotor
to generate magnetic flux, resulting in the d axis inductance (Ld) having higher magnetic
resistance compared with the q axis inductance (Lq) [10]. Calculating the inductance of
each axis plays a crucial role in evaluation and design for such torque.

Before proceeding with the design and production of the WFSM for practical ap-
plications in railway vehicle traction, a preliminary assessment was conducted using a
downscaled version of the WFSM rated at 5 kW. When designing a 5 kW WFSM, it is
essential to design it to meet the torque–speed (T-N) curve shown in Figure 1.
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Figure 1. Torque and speed curve requirement for 5 kW Traction motor.

The basic WFSM configuration is as shown in Figure 2a. This experimental setup
allowed for an initial evaluation of the motor performance. The rated speed was set at
1500 RPM, with a corresponding torque requirement of 31.83 Nm to achieve the desired
5 kW output. And basic WFSM model calculated the output performance through FEM
modeling and compared it with the experimental value.
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Figure 2. Structure of machines: (a) basic WFSM; (b) PMa-WFSM.

This article introduces a PMa-WFSM aimed at enhancing d axis flux by incorporating
permanent magnets, as depicted in Figure 2b. Specifically, neodymium permanent magnets
are strategically inserted into the rotor yoke to bolster magnetic flux. To formulate an
optimization model, sensitivity analysis was initially conducted to identify key design
variables with significant impacts on torque. Subsequently, sampling was carried out using
the OLHD methodology to ensure a well-distributed selection of design variables across the
parameter space. Moreover, in pursuit of cost-effectiveness, the optimization design process
leveraged the MGA to minimize the utilization of permanent magnets while maximizing
overall efficiency and reducing torque ripple. The electromagnetic characteristics of the
proposed design were calculated through 2D FEM analysis [16].

2. Specification and Experiment of Basic WFSM

A typical WFSM has a saliency ratio (Lq/Ld), and this ratio contributes to the gener-
ation of reluctance torque (Tr). The output torque (T) of the motor comprises two main
components: magnetic torque (Tm) and reluctance torque. The former arises from the
alignment of the magnetic flux generated by the stator winding with that produced by the
rotor winding. On the other hand, reluctance torque is a result of the disparity between Ld
and Lq of the rotor. This phenomenon is fundamental in understanding the torque equation
of the conventional WFSM. In Equation (1), p is the number of pole pairs, Ψf is the field
flux, ia is the peak value of the stator current, and β is the current phase angle [17].

T = Tr + Tm = 1.5p{Ψfiacosβ + 0.5(Lq − Ld)ia2sin2β} (1)

To calculate the inductance using the torque equation, the magnetic equivalent circuit
is represented as shown in Figure 3. The magnetic resistance can be calculated as follows:

Rm =
l

µA
(2)

where l is the length, µ is the permeability, and A is the cross-sectional area of the magnetic
flux path. The relative permeability of air and copper is significantly smaller compared
with that of the core, indicating that the magnetic resistance of the d axis is smaller than
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that of the q axis, as expressed in the equation. With the magnetic resistance determined,
the inductance can be calculated as follows:

Ld =
NFd
id

=
N2

Rgd + Rsd + Rrd
, Lq =

NFq

iq
=

N2

Rgq + Rsq + Rrq
(3)

where Fd, id, Rgd, Rsd, and Rrd are components of the d axis, which includes the magnetic flux,
current, air–gap reluctance, stator magnetic resistance, and rotor magnetic resistance; Fq, iq,
Rgq, Rsq, and Rrq are components of the q axis, which includes the magnetic flux, current,
air–gap magnetic resistance, stator magnetic resistance, and rotor magnetic resistance. N
represents a turn of the winding coil.
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The specifications of the basic WFSM are shown in Table 1. To achieve rated torque,
the rated stator current was selected to be 13.5 Arms, and the rotor current was chosen to be
5 Adc. Additionally, considering the current density to be below 4 A/mm² and manufac-
turing constraints, a slot fill factor of 0.35 was adopted, with the number of turns for the
stator being set to six turns, while for the rotor, it was set to six turns. The winding method
for the stator used distributed winding to reduce harmonics, while the rotor was wound
with concentrated windings. The number of poles per phase is three. After selecting the
specifications, the design process was initiated, and a 5 kW WFSM was manufactured.
The experimental setup was configured as shown in Figure 4a. The average torque value
was extracted using a servo motor. The difference between the experimental values and
FEM analysis results in output performance was compared through the no-load EMF peak,
no-load EMF plot, and average torque.

Table 1. Specification of basic WFSM.

Specification Value

Output power 5 kW
Rated torque/speed 31.91 Nm/1500 rpm

Rated stator peak current 19.09 A
Rated rotor current 5 Adc

Number of poles/slots 16 pole/72 slot
Stator/rotor outer diameter 236 mm/170 mm

Coil space factor 0.35
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FEM waveform (300 rpm, Idc = 4 A).

The output performance of a WFSM is significantly influenced by the field current.
To comprehensively investigate this influence, experimental trials were meticulously con-
ducted, systematically varying the rotor current (Idc) across three discrete levels: 2 A, 4 A,
and 6 A. Additionally, the rotational speed was varied from 200 rpm to 500 rpm in precise
100 rpm increments. Under no-load conditions, a fundamental observation was the propor-
tional increase in the root mean square (Vrms) of the no-load back electromotive force (EMF)
with both the rotor current and the rotational speed. Under lower-rotor-current conditions,
the motor core exhibited minimal saturation, resulting in a negligible discrepancy between
analytical predictions and measured values. However, as the rotor current was progres-
sively increased, the motor core approached saturation, leading to nonlinearity in the back
EMF characteristics. Consequently, this nonlinear behavior contributed to a corresponding
increase in the error between the FEM analysis results and the measured values. In the
low-speed range, the influence of noise is relatively significant, resulting in larger errors.
However, as the motor speed transitions to higher speeds, the errors gradually decrease.
This trend suggests that the system becomes more stable and predictable at higher speeds,
leading to more accurate predictions and mitigating the impact of noise.

During the load testing phase, the electric motor was energized and the average torque
was derived by capturing internal torque commands communicated from the servo motor.
This methodically involved incrementally adjusting the armature current, varying it from
1.5 A to 9.5 A in 4 A increments, to enable a thorough comparison between experimental
findings and FEM analysis outcomes across multiple data points.

Despite grappling with challenges such as core saturation and nonlinear behavior, the
comprehensive analysis yielded invaluable insights. The deviation was derived by compar-
ing the FEM analysis results of the motor with experimental values, thereby verifying the
credibility of the computational results. The error between the FEM analysis results and
the experimental data was calculated. For the EMF, the experimental value measured was
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40.55 Vrms, while the FEM analysis calculated 39.17 Vrms. An error of 3.5% was attributed
to noise during the experimental measurement process. The comparison results of the
torque average, depicted in Figure 5, reveal an overall deviation of 8.15% between the
experimental measurements and the FEM analysis results. This finding underscores the
reliability of the analysis and the low discrepancy observed, reaffirming the credibility of
the experimental methodology and the analytical framework employed.
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3. Design of PMa-WFSM

The proposed topology presented in this article involves integrating assisted perma-
nent magnets into the rotor yoke to augment the magnetic flux along the d axis direction
and bolster the magnetic torque. One aspect worth exploring further is the impact of differ-
ent permanent magnet materials on the overall performance of the motor. The selection
of materials for these permanent magnets includes ferrite, neodymium, and samarium–
cobalt. Ferrite permanent magnets are notably economical but exhibit lower coercivity
and magnetic flux density compared with other materials. Table 2 shows the properties
of the magnets. Therefore, when employed as assisted magnets, they may enhance the
magnetic flux along the d axis while concurrently elevating magnetic resistance, thereby
potentially leading to a reduction in torque. On the other hand, samarium–cobalt perma-
nent magnets offer the advantage of possessing a high knee point and robust temperature
stability, rendering them less susceptible to irreversible demagnetization. However, they
are comparatively pricier than neodymium magnets and demonstrate lower remanence
and magnetic flux density. As a result, the neodymium magnet (N42) made by ARNOLD
location in New York, which provides a balanced combination of cost-effectiveness, high
coercivity, and magnetic flux density, was deemed suitable for the intended application.

Table 2. Specification of permanent magnet.

Name Value

BR [T] BH max. [kJ/m3] HCB min. [kA/m] TEMP max. [◦C]
Ferrite magnet (Y20) [ARNOLD] 0.2 18 135 250

Samarium–cobalt magnet (24HE) [ARNOLD] 1.02 195 765 350
Neodymium magnet (N42) [ARNOLD] 1.315 334 955 80

The torque equation for the PMa-WFSM is calculated by adding the magnetic flux
linkage (Ψm) of the permanent magnets to the magnetic torque term of Equation (1).

T=Tr + Tm=1.5p{(Ψf + Ψm)iacosβ + 0.5(Lq − Ld)ia2sin2β} (4)

Due to the addition of permanent magnets, there is a change in inductance, requiring
recalculations. Figure 6 represents the magnetic equivalent circuit of the proposed model.
Additionally, the addition of permanent magnets results in changes to the inductance,
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necessitating a recalculation. Fpm is permanent magnet flux, Rpmd and Rpmq represent the
permanent magnet reluctances of the d axis and q axis components.

Ld =
N
(

Fd + Fpm
)

id
=

N2

Rgd + Rsd + Rrd + Rpmd
, Lq =

NFq

iq
=

N2

Rgq + Rsq + Rrq + Rmq + Rpmq
(5)
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Using a magnetic equivalent circuit, inductance variation and torque were calculated,
and based on this, FEM analysis was performed using the fixed permeability method. First,
the torque of the PMa-WFSM was classified into three categories as shown in Figure 7. The
reluctance torque due to the inductance difference was derived by applying only the stator
current, the magnetic torque (winding) was derived via the DC current supply only to
the rotor winding, and the magnetic torque (magnet) was derived by inserting only the
permanent magnet without any current supply. The sum of the three torque components
yields the total torque, with the maximum torque occurring at a current phase angle of
15 degrees [18].
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Additionally, a reduction in Idc is required due to the saturation of the rotor teeth.
With the addition of permanent magnets, as demonstrated in Figure 8, saturation of the
rotor teeth occurs. Therefore, to prevent non-linear output performance, Idc was adjusted
to 3.5 Adc. The arrangement of the permanent magnets with barriers on the shaft side
serves to enhance the magnetic field concentration in the core region, thereby optimizing
motor performance. The selected core starts to exhibit nonlinear saturation at 1.8 T, so
the maximum saturation point of the model was adjusted to 1.73 T. Additionally, it was
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confirmed through the flux line distribution that the flux generated by the permanent
magnet and the flux generated by the windings combine in the rotor teeth and permeate
through to the stator. This configuration not only improves the efficiency of the motor but
also ensures stable operation under varying load conditions. Furthermore, by adjusting Idc
to mitigate saturation effects, the motor output characteristics can be finely tuned to meet
specific application requirements. These combined design considerations contribute to the
overall enhancement of the PMa-WFSM performance and reliability.
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4. Optimal Design Process

The design process followed the parameters of the basic WFSM, maintaining con-
sistency in the stator’s outer diameter and other design variables. However, only the
parameters related to the assisted magnet were considered design variables in this study.
Moreover, to achieve comparable output performance, an equality constraint aiming for
a rated torque of 32 Nm was established. To ensure optimal performance, a constraint
was implemented to keep the torque ripple below 6%. Furthermore, in line with cost-
effectiveness and resource conservation objectives, the optimization objective function
aimed to minimize the cross-sectional area of the permanent magnets.

In total, eight design variables were selected, taking into account feasibility. Their
respective contributions to the alterations in output performance were thoroughly evaluated
through sensitivity analysis. The main variables are marked with yellow boxes in the table
to the right of Figure 9. Subsequently, based on the results of this analysis, four major
design variables, which exhibited substantial impacts on torque and torque ripple, were
further refined and chosen for subsequent optimization, as shown in Figure 10.

To ensure optimal projective properties and space filling across the designated design
range, a sampling approach utilizing OLHD was employed. Initially, a comprehensive set
of 80 sampling points was strategically chosen, a number calculated based on the inclusion
of four essential design variables. These training data points were designated for use in
data learning purposes, and their number was selected to be 80, where nTR represents the
number of training data points and nDV denotes the number of design variables [19].

nTR > 1.5(nDV +1)(nDV +2)/2 (6)

The initial 80 training points were calculated using FEM analysis, and a surrogate
model was generated based on these data. To generate a surrogate model, two primary
types of methods are available: one is regression methods and the other is interpolation
methods. Interpolation methods unlike regression methods do not rely on correlation coef-
ficients to predict distributed training data. Instead, interpolation techniques like kriging
offer a continuous and smooth estimation of the underlying function throughout the entire
design space. This detailed estimation fosters a deeper understanding of the relationship
between input variables and output performance. Furthermore, interpolation enables the
estimation of output performance at any point within the design domain, even in cases
where training data points are scarce or absent. This versatility enhances the applicability
of the surrogate model, particularly in situations where exhaustive experimental testing
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is impractical or overly costly. Unlike regression, interpolation does not introduce errors
between experimental data and predicted values, as it relies solely on the spatial distance
between each data point. To quantify the error between the FEM calculation results and
the predicted values, 9 test points, which represent approximately 10% of the 80 training
data points, were selected, where nTE represents the number of test points. The error
between the training points and FEM analysis results was then computed using the root
mean square error (RMSE), where y1(Xi) is the value of the FEM analysis results and y2(Xi)
is the value of the surrogate model.
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nTE = 0.1 · nTR (7)

RMSE =

√
1

nTR∑nTR
i=1 [y1(Xi) − y2(Xi)]

2
(8)

Utilizing the data obtained from FEM calculations, we constructed a surrogate model
employing kriging interpolation to encompass the entire spectrum of variables. With this
surrogate model in place, we can effectively predict output performance values across the
designated range without the substantial time investment typically associated with FEM
computations. Having defined our objective functions, constraints, and target functions,
we allowed for the MGA to derive the optimal model. The MGA offers expedited com-
putational time compared with normal genetic algorithms, aligning well with the goal of
efficient optimization. Additionally, if applicable, we could discuss the trade-offs between
conflicting objectives (e.g., maximizing efficiency while minimizing torque ripple) and
how these were addressed during the optimization process. The previously set constraint
conditions included an average torque of 32 Nm, a torque ripple of less than 6%, and the
objective function of minimizing the cross-sectional area of the permanent magnet. Addi-
tionally, weights were assigned between the conditions. In this study, the primary objective
was to match the target torque while minimizing the number of permanent magnets used.
Therefore, the weight for the objective function was set to 0.8, and the remaining constraint
conditions were assigned a weight of 0.2.

The iterative process for evaluating the objective function and constraints was con-
ducted over 200 iterations, taking into account convergence criteria. This iterative process
of validation and refinement not only bolstered the reliability of the training approach,
laying a solid foundation for a highly reliable data-driven design optimization process.
The optimized model obtained through the MGA revealed a reduction in magnet width
by −49.21% and a decrease in magnet length by −4% compared with the initial model, as
illustrated in Figure 11a.
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Moreover, there were notable adjustments in other variables, such as a considerable
increase of 93.77% in barrier width and an even more substantial increase of 12◦ in barrier
angle. The significant increase in barrier width and angle suggests a more concentrated
magnetic flux within the rotor core, potentially leading to enhanced efficiency and power
density. In the initial model, the reduction in Idc led to a failure to meet the target torque.
The torque of the surrogate model achieved 31.91 Nm. However, the optimized model
successfully achieved this target, delivering a torque of 31.61 Nm within the acceptable
error range. Furthermore, there was a small improvement in torque ripple, which decreased
by 0.03%. Used surrogate models serve as substitutes for intricate original models, thereby
facilitating time and cost savings in the design and optimization phases of electric motors.
Whereas FEM computations demand significant time, the adoption of surrogate models
obviates the necessity for such computations, thereby expediting results. Additionally,
surrogate models facilitate swift exploration of a wide array of design scenarios, augment-
ing the efficiency of the design process by providing instantaneous access to outputs for
various input conditions. The comparison between the surrogate model and FEM analysis
results revealed minimal discrepancies, as shown in Table 3, with torque exhibiting a mere
0.94% error and torque ripple showing only a 0.17% deviation. These results underscore the
effectiveness of the optimization strategy in not only meeting the performance objectives
but also in enhancing the overall performance of the WFSM.

Table 3. Comparison of results from optimal approximation model and FEM results.

Torque Torque Ripple

Surrogate model 31.91 Nm 5.73%
FEM model 31.61 Nm 5.72%

Error 0.94% 0.17%

5. Comparing the Characteristics WFSM and PMa-WFSM

The comparison analysis provides valuable insights into the performance disparities
between the basic WFSM and the optimized PMa-WFSM, shedding light on key improve-
ments achieved through design enhancements. Notably, the reduction in rotor current by
1.5 Adc translates to a substantial decrease of 63.08 W in rotor copper loss, underscoring the
efficiency gains realized with the PMa-WFSM. Furthermore, the notable decrease of 42%
in rotor current density signifies enhanced heat dissipation capabilities, contributing to
improved overall system reliability. Despite a marginal decrease in torque compared with
the baseline, the significant reduction of 5.43% in torque ripple demonstrates the enhanced
stability and smoother operation of the PMa-WFSM, with the load counter–electromotive
force waveform remaining at a similar level, as shown in Figure 12. The average torque
remains nearly identical, resulting in the peak and waveform of the EMF being almost the
same. However, the torque ripple significantly decreases due to the increased magnetomo-
tive force (MMF) provided by the permanent magnets. The overall output performance is
enhanced with the incorporation of assisted permanent magnets compared with that of
the basic WFSM shown in Table 4. The addition of permanent magnets to the basic WFSM
will also increase manufacturing costs. Although it is challenging to predict the exact cost
due to the unstable price of neodymium, it is estimated that the manufacturing costs will
increase by approximately 10% compared with those of the basic WFSM.



Appl. Sci. 2024, 14, 5150 12 of 14

Appl. Sci. 2024, 14, 5150 12 of 14 
 

1.5 Adc translates to a substantial decrease of 63.08 W in rotor copper loss, underscoring 
the efficiency gains realized with the PMa-WFSM. Furthermore, the notable decrease of 
42% in rotor current density signifies enhanced heat dissipation capabilities, contributing 
to improved overall system reliability. Despite a marginal decrease in torque compared 
with the baseline, the significant reduction of 5.43% in torque ripple demonstrates the en-
hanced stability and smoother operation of the PMa-WFSM, with the load counter–elec-
tromotive force waveform remaining at a similar level, as shown in Figure 12. The average 
torque remains nearly identical, resulting in the peak and waveform of the EMF being 
almost the same. However, the torque ripple significantly decreases due to the increased 
magnetomotive force (MMF) provided by the permanent magnets. The overall output 
performance is enhanced with the incorporation of assisted permanent magnets com-
pared with that of the basic WFSM shown in Table 4. The addition of permanent magnets 
to the basic WFSM will also increase manufacturing costs. Although it is challenging to 
predict the exact cost due to the unstable price of neodymium, it is estimated that the 
manufacturing costs will increase by approximately 10% compared with those of the basic 
WFSM. 

 
(a) (b) 

Figure 12. Comparing the output performance between WFSM and PMa-WFSM: (a) torque, and 
(b) load back EMF. 

Table 4. Comparing the characteristics of WFSM and PMa-WFSM. 

Category WFSM PMa-WFSM 
Stator Copper loss 163.05 W 163.05 W 

Stator Current density 3.85 Arms/mm2 3.85 Arms/mm2 
Rotor Copper loss 123.69 W 60.61 W 

Rotor Current density 3.24 Arms/mm2 2.27 Arms/mm2 
Average torque 32.33 Nm 31.84 Nm 
Torque ripple 11.15% 5.72% 

Core loss 37.40 W 35.97 W 
Efficiency 93.99% 95.07% 

6. Conclusions 
In this article, we aim to address the inherent limitations associated with the design 

of WFSM systems tailored for vehicle traction applications. Specifically, our objective is to 
enhance key characteristics such as high power density and efficiency, critical for traction 
motors operating in demanding conditions. To achieve this goal, we propose a novel var-
iant of the WFSM, termed PMa-WFSM, which integrates assisted permanent magnets into 
its design architecture. The incorporation of these permanent magnets holds the potential 
to significantly improve performance metrics. To systematically assess the anticipated ef-
fects of permanent magnet insertion, we employ mathematical formulations and conduct 
equivalent circuit analyses. Through these analytical methods, we forecast the potential 

Figure 12. Comparing the output performance between WFSM and PMa-WFSM: (a) torque, and
(b) load back EMF.

Table 4. Comparing the characteristics of WFSM and PMa-WFSM.

Category WFSM PMa-WFSM

Stator Copper loss 163.05 W 163.05 W
Stator Current density 3.85 Arms/mm2 3.85 Arms/mm2

Rotor Copper loss 123.69 W 60.61 W
Rotor Current density 3.24 Arms/mm2 2.27 Arms/mm2

Average torque 32.33 Nm 31.84 Nm
Torque ripple 11.15% 5.72%

Core loss 37.40 W 35.97 W
Efficiency 93.99% 95.07%

6. Conclusions

In this article, we aim to address the inherent limitations associated with the design
of WFSM systems tailored for vehicle traction applications. Specifically, our objective
is to enhance key characteristics such as high power density and efficiency, critical for
traction motors operating in demanding conditions. To achieve this goal, we propose a
novel variant of the WFSM, termed PMa-WFSM, which integrates assisted permanent
magnets into its design architecture. The incorporation of these permanent magnets holds
the potential to significantly improve performance metrics. To systematically assess the
anticipated effects of permanent magnet insertion, we employ mathematical formulations
and conduct equivalent circuit analyses. Through these analytical methods, we forecast
the potential impact on overall system performance and validate our projections through
extensive FEM simulations. The reliability and accuracy of the FEM simulation results
are verified through comparison with experimental data obtained from an existing WFSM
model, with the observed back EMF data error between measured data and simulation
results falling within an acceptable margin of 5.06%. Furthermore, in our efforts to en-
hance cost-effectiveness and minimize the utilization of rare-earth materials, we undertake
comprehensive optimization efforts aimed at reducing magnet usage while maintaining
optimal performance levels. To streamline the analysis process, we select OLHD during
the design and analysis stages, within the framework of computer experiments on DACE
sampling. Additionally, we leverage the MGA as the optimization algorithm, offering
computational efficiency and effectiveness. Ultimately, our optimization endeavors yield
a notable enhancement in efficiency, with the system’s efficiency rating improving from
93.99% to 95.07% compared with that of the existing setup. When classified according
to the International Energy Efficiency class (IE), the existing WFSM falls under the IE3
category, whereas the PMa-WFSM proposed in this paper achieves an IE4 rating. This
improvement not only contributes to the economic viability of the system by reducing
reliance on rare-earth materials, which are commonly utilized in traction systems, but
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also harnesses the inherent advantages of WFSM technology, particularly its capability for
precise field current control.

Considering these advancements, we assert that the proposed PMa-WFSM emerges as
a compelling alternative to normal PMSM and WFSM systems. It embodies a potent blend
of heightened performance, economic viability, and operational flexibility.
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